This study supports the existence of a pluripotent liver stem cell population which has the potential to differentiate into hepatocytes and bile ductular cells. We compared the expression of hepatocyte-specific and bile ductular-specific markers in fetal and preneoplastic rat liver. L-pyruvate kinase (L-PK) and a glutathlone S-transferase (GST) were used as adult hepatocyte-specific markers, while cytokeratin 19 (CK19) was used as a bile ductular-specific marker, n GST and M 2 -pyruvate kinase (M 2 -PK), which are fetal hepatocyte-specific and expressed at high levels in the oval and duct-like cells, were also used. We characterized fetal liver derived from 13-21 days of gestation (E13-E21). Jt GST was detected in the E18 hepatoblasts, which form the intrahepatic bile ducts, while CK19 was detected at E19. Some of these cells express a GST and L-PK from E19 to E21. Oval, duct-like and bile ductular cells in rats treated with a choline-deficient diet containing 0.07% ethionine (CDE diet) for up to 8 weeks were characterized by double immunocytochemistry. L-PK and a GST are absent from bile ductular cells in the normal adult liver and up to 3 weeks of CDE treatment After 4-5 weeks on CDE treatment, the majority of bile ductular cells express L-PK, while at 6 weeks some co-express L-PK and a GST. There are two populations of oval cells, a major population expressing only the fetal hepatocyte markers, while a minor population expresses the fetal hepatocyte, adult hepatocyte and bile ductular markers. There are at least three different duct-like cell populations which co-express different markers and have characteristics of fetal hepatocytes at sequential stages of differentiation. One population co-expresses n GST and M 2 -PK and Is similar to fetal hepatocytes derived from E13-E14 fetuses. The second expresses the two fetal markers and L-PK, and this reflects characteristics of E15 hepatocytes. The third expresses n GST, M 2 -PK, L-PK and a GST which is characteristic of E16-E19 hepatocytes. Upon withdrawal of the CDE diet, autoradiography using tritJated thymidine shows that oval and duct-like cells differentiate into hepatocytes. This study demonstrates that oval and duct-like cells express both hepatocytic and bile ductular markers, and have the capacity to differentiate into hepatocytes, characteristics similar to hepatoblasts in the developing rat liver.
Introduction
During embryonic development in the rat, the liver emerges from the ventral foregut endoderm, first giving rise to hepatoblasts which form cords of primitive hepatocytes. As the liver develops, hepatoblasts give rise to mature hepatocytes and epithelial cells in the intrahepatic bile duct. In the adult rat, oval cell proliferation can be induced during early experimental hepatocarcinogenesis (1-4). 'Duct-like cells' represent another population which arises in the liver when animals are treated with a hepatocarcinogen. We have recently established that oval cells differentiate into duct-like cells (4) in the liver of rats treated with a choline-deficient, ethionine-supplemented (CDE*) diet. Studies using dye injection into bile ducts provide direct evidence for connection of these duct-like structures to the portal bile ducts (5, 6) . The origin of oval and duct-like cells, however, remains highly controversial. Some studies suggested that oval cells are hepatic stem cells directly involved in the formation of hepatocellular carcinoma (2, 3, (7) (8) (9) (10) (11) . Other studies support the view that oval cells are of biliary epithelial origin and play no role in hepatocarcinogenesis (12) (13) (14) (15) (16) (17) . In a recent review, Sell (18) described the existence of a pluripotent liver stem cell in the periportal zone of the adult liver which may give rise to oval cells and ultimately hepatocarcinoma. We have previously shown that oval and duct-like cells display characteristics of fetal hepatocytes (19) . In this report, we present significant new findings of differentiation of oval and duct-like cells in the CDE rat liver which reflect the different stages of differentiation of hepatocytes in the developing rat liver. Double immunocytochemistry clearly demonstrated the co-expression of hepatocytic and bile ductular markers in the fetal hepatocytes and hepatoblasts, and oval cells and ductlike cells in CDE-treated rat liver. It is possible that oval and duct-like cells originate from pluripotent stem cells (progenitors of hepatocytes and bile ductular cells) which have the ability to differentiate into both hepatocytes and bile ductular cells. 'Dual phenotype' liver cells, which express both hepatocytic and bile ductular markers in immature rat liver, have also been reported by others (20) .
Materials and methods

Animal models
Fetal and postnatal rats. Albino Wistar rats from 13 to 22 days gestation (newborns) and 1-10 days old were supplied by the Animal Resources Centre, Murdoch University, Western Australia, Australia. Livers were removed for histology and immunocytochemistry.
CDE-treated rats. Male albino Wistar rats weighing 120 g were fed a standard laboratory chow with normal drinking water (control rats) or a cholinedeficient diet (product code TD 79246, Teklad, Madison, Wl) supplemented with 0.07% ethionine (CDE rats) for up to 8 weeks. The detailed protocol was described previously by Tee et aL (4) .
Feeding and withdrawing of CDE diet. Groups of three rats were placed on either the CDE or control diet for 4 weeks. [ 3 H]Thymidine (1 |iCi/g body wt) was then administered and all rats were subsequently placed on control diet. At 2, 4 and 6 days after withdrawal of the diet, animals were killed and livers were removed for histology, immunocytochemistry and autoradiography.
Tissue preparation and histology
Whole livers of fetuses and postnatals were removed and immersed in Carnoy's solution for 6 h and subsequently embedded in paraffin wax. The CDE-treated liver was first perfused in situ with PBS via the hepatic portal vein to remove blood, and thereafter liver samples of 1 cm 3 were fixed in Carnoy's solution for 6 h and embedded in paraffin wax. For light microscopy, 4 urn sections of the fixed liver were attached to poly-L-lysine-coated glass slides. Sections were dried, dewaxed using Histo-Clear™ (National Diagnostics, Manville, NJ) and rehydrated with decreasing concentrations of alcohol. All immunostaining procedures were performed on the glass slides. Liver sections were stained with haematoxylin and chromotrope 2R (H&C) to verify the morphology of the liver.
Double immunocytochemistry
The indirect immunoperoxidase detection of cytokeratin 19 (CKI9), a glutathione S-transferase (GST), u GST, n GST, L-pyruvate kinase (L-PK) and M 2 -PK was performed as previously described (4) . The double immunostaining technique is a modification of the immunoperoxidase method and involves two immunostaining steps, each visualized by a different colour reagent. The best contrast in the two colours is achieved when the first staining is visualized using diaminobenzidine (DAB) and the second using 4-chloronaphthol (CN). A yellow-brown colour is observed when DAB is used, and a blue colour is observed when CN is used. Co-expression of two antigens is observed as a blue-brown or dark brown colouration. Antibodies to GST subunit 1 (cross-reacting with other members of the a family, including Dual phenotypic expression in the developing and preneoplastlc liver subunits 2, 8 and 10), subunit 3 (cross-reacting with other members of the \i family, including subunits 4, 6, 9 and 11) and subunit 7 (the only subunit in the n family) were supplied by Biotrin, Dublin, Ireland.
In all experiments liver sections treated with the non-immune serum were incorporated as negative controls.
Autoradiography
Immediately following immunocytochemistry, slides were rinsed in PBS for 30 min and coated with a solution containing 0.5% gelatine and 0.05% chromium potassium sulphate (25-30°C ). This step is essential to eliminate background autoradiography. Slides were then processed for autoradiography as described by Tee (4) . Labelled cells were counted at X400 magnification in a fixed area of 0.07 mm 2 . Counts for oval, duct-like cells and hepatocytes were made at random. For quantitation of bile ductular cells, all portal regions in each liver section were examined and counted.
Results
Hepatocytes and intrahepatic bile ducts in developing liver
The liver undergoes considerable morphological changes during fetal development as depicted in Figure 1 . Initially hepatocytes were found as hepatic cords among islands of erythropoietic cells. The number and size of hepatocytes in hepatic cords increased with developmental age. Sinusoidal spaces were seen over the whole liver but centrilobular regions could not be distinguished from the portal regions during EnEl 6. At E17 portal regions were clearly distinguished and associated with the commencement of bile canaliculi formation ( Figure IE , arrow). A marked change in the morphology of the liver occurred during E19-E21 when the size of hepatocytes increased to almost that of adult hepatocytes and portal regions were clearly distinguished from the centrilobular region by the numerous intrahepatic vesicles.
Bile canaliculi first appeared as small vesicles at El 7 ( Figure  IE , arrow). At the commencement of differentiation of bile ductules, interlobular spaces contained one ramification of a portal vein. A 'limiting plate' consisting of an endothelium surrounded by a thin connective tissue layer and hepatoblasts ( Figure IE ) could be identified at El7. Immature ducts consisted of some hepatoblasts and hepatocytes. These hepatoblasts were flattened ovoids with ovoid nuclei which expressed CK19,7i GST and M 2 -PK, while the hepatocytes expressed a GST and L-PK.
Serial liver sections derived from E13-E21 fetuses were characterized by immunostaining with jr. GST, a GST, M 2 -PK, L-PK and CK19. The results are summarized in Table I . jc GST and M 2 -PK were first detected in hepatocytes at El3, L-PK at E15 and a GST at El6. Fetal hepatocytes did not express CK19. 71 GST was first detected in intrahepatic bile ducts at El8, while CK19, L-PK and a GST were first detected at E19 (Table I) .
Morphological changes after CDE treatment
Proliferation of oval cells extending from the portal to the parenchymal region was observed in the liver of rats placed on the CDE diet for 2 weeks ( Figure 2B , arrows). Isolated small duct-like structures were detected by ~3 weeks and were easily detectable after 4 weeks ( Figure 2C , arrows). These newly formed ducts are similar to the immature intrahepatic vesicles observed at El8 and El9. Clusters of large duct-like structures, each comprising >10 ducts per group, were most prominent after 5-6 weeks ( Figure 2D ). After 7-8 weeks on the CDE diet, massive clusters of ducts co-existed with large tracks of oval cells in the parenchymal region ( Figure 2E ).
Bile ductular cells in CDE-treated liver
In the normal rat liver, bile ductular epithelial cells were stained for CK19 and TI GST, and were devoid of a GST, M 2 -PK and L-PK. The expression of these markers in the bile ductular cells changed with the time in which the animals were fed the CDE diet. Bile ductular cells were not stained for L-PK in the normal rat liver and liver of rats fed the CDE diet for up to 2 weeks ( Figure 3A) . Some of these were weakly stained after 3 weeks of CDE treatment, as indicated by light yellow-brown staining in Figure 3 (B). Strong L-PK staining was observed in almost all bile ductular cells after 4 and 5 weeks ( Figure 3C ,D). Double immunostaining revealed that these L-PK-positive cells were not stained for a GST. After 6 weeks, only a few bile ductular epithelial cells were stained for L-PK and these cells co-expressed a GST ( Figure 3E , arrowhead). Expression of L-PK and a GST returned to normal levels after 7 weeks. Strong staining for M 2 -PK was observed after 2 weeks of CDE treatment. Bile ductular cells during the 8 week CDE treatment retained their capacity to express CK19 and 7i GST. The results are summarized in Table I . 
Oval and duct-like cells in CDE-treated rat liver
Immunostaining using serial sections showed that the majority of the oval cells expressed TC GST and M 2 -PK ( Figure 4A , arrowheads), and were devoid of a GST, L-PK and CK19 ( Figure 4B ,C, arrowheads). Some oval cells expressed JI GST, M 2 -PK and CK19 in serial liver sections ( Figure 4B and 4C, arrows). Most of the duct-like cells expressed Jt GST ( Figure 4A ) and M r PK ( Figure 4A ) and CK19 ( Figure 4C ), while some expressed L-PK and a GST (Figures 4B and 5) . Double immunocytochemistry revealed the presence of duct-like structures which expressed different combinations of hepatocyte markers ( Figure 5 ). Three types of duct-like cells which display different expression of L-PK and a GST were: (i) L-PK and a GST negative phenotype ( Figure 5A ), (ii) L-PK positive and a GST negative phenotype ( Figure 5B ) and (iii) L-PK and a GST positive phenotype ( Figure 5C ). Immunostaining of serial sections showed that all these three populations of duct-like cells express TI GST, M 2 -PK and CK19. These results are summarized in Table I .
Differentiation of oval and duct-like cells into hepatocytes
At 4 weeks of CDE treatment, oval and duct-like cells were the two major populations of cells which actively utilized thymidine ( Figure 6) , with 257 ± 73.8 and 64.6 ± 9.5 cells per 0.07 mm 2 observed for oval and duct-like cells respectively. Similar results for shorter times on the diet were reported previously (4). There was a >70% reduction in the number of oval and duct-like cells 2 days after termination of the CDE diet (Figures 6 and 7) . After 4 days the number of oval cells Dual phenotypic expression in the developing and preneopiastic liver Fig. 3 . Expression of L-PK and a GST in bile ductular cells in CDE rat liver. Photomicrographs showing double-immunostaining of L-PK, detected using DAB (yellow-brown) and a GST, detected using CN (blue) in liver of rat placed on CDE diet for (A) 2 weeks, (B) 3 weeks, (C) 4 weeks, (D) 5 weeks and (E) 6 weeks. Co-expression is shown by blue-brown staining as seen in the hepatocytes and bile ductular cells (arrowheads). Bile ducts (arrows). Magnification X23O.
was reduced to 18.7 ± 6.8 cells per 0.07 mm 2 and no ductlike structures were detected. The decrease in the number of oval and duct-like cells during the 6 day period following the withdrawal of the CDE diet was accompanied by a reduction in the thymidine labelling index. A reciprocal increase in the number and labelling index for hepatocytes was seen ( Figure 6 ).
Discussion
In recent studies we demonstrated that oval and duct-like cells resemble fetal hepatocytes (19) and proposed that oval cells differentiate into duct-like cells and hence belong to the same cell lineage (4) . In this study we provide evidence that these two cell types display characteristics of both hepatocytes and bile ductular cells, and both differentiate into hepatocytes upon regeneration of the liver. The existence in the liver of a pluripotent stem cell and/or committed epithelial progenitor cell could explain the 'dual' phenotype present in the oval and duct-like cells with some of the cells co-expressing hepatocytic and bile ductular markers. The presence of pluripotent cells in both human and rodents is now well documented (15, (20) (21) (22) . Differentiation from multipotent stem cells to bile ducts and hepatocytes occurs during liver development. Immature small hepatocytes can differentiate into mature large hepatocytes and intrahepatic bile ducts (23) . These immature small hepatocytes express both hepatocytes and bile ductular markers. Fig. 4 . Expression of CK19, L-PK, a GST, M 2 -PK and n GST in the bile ductular, oval and duct-like cells. Photomicrographs showing (A) doubleimmunostaining of M 2 -PK, detected using DAB (yellow-brown) and it GST detected using CN (blue); (B) double-immunostaining of L-PK, detected using DAB (yellow-brown) and a GST, detected using CN (blue) and (C) immunostaining for CK19 detected using DAB. Magnification X460.
In this study we demonstrate that changes in the immunocytochemical staining characteristics in preneoplastic cells after CDE treatment follow the characteristics of fetal liver cells during early liver development. We compared the expression of fetal (71 GST and M 2 -PK) and adult (a GST and L-PK) hepatocyte-specific as well as bile ductular (CK19) specific markers in the fetal and CDE-treated rat liver. The sequential stages of fetal liver development and the production of oval cells and duct-like cells in CDE-treated rats were characterized. A summary of the results is shown in Table I . Most of the oval cells display staining characteristics of fetal hepatocytes derived from E13-E14, in that they express n GST and M 2 -PK, and were virtually devoid of a GST and L-PK. Some oval cells possess morphological characteristics of the fetal bile ductular cells and express CK19, L-PK and a GST. We have recently reported that duct-like cells are more mature than oval cells and display characteristics of fetal and adult Dual phenotvpic expression in the developing and preneoplastic liver 300-1
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Days after withdrawal from a 4 week CDE diet . Cell counts were conducted at X400 magnification in a fixed area of 0.07 mm 2 in five random fields for each liver section. At least five liver sections were counted per rat liver and 3-5 rats were used in each group. Results are mean ± SEM. hepatocytes (4) . Further to that study we now report at least three subpopulations of duct-like cells which have characteristics of fetal hepatocytes at sequential stages of differentiation. One population expresses only jr. GST and M 2 -PK which is similar to fetal hepatocytes derived from E13-E14 fetuses. The second population expresses Jt GST, M 2 -PK and L-PK, which is similar to E15 fetal hepatocytes. The third population expresses a GST as well and is similar to hepatocytes of gestation days [16] [17] [18] [19] . All these duct-like cells express the bile ductular marker CK19. The newly formed ducts observed after 3 and 4 weeks CDE diet are comprised of cuboidal cells and hepatocytes, a characteristic similar to immature intrahepatic vesicles observed in El8 and El9 fetal rat liver. This characteristic of immature intrahepatic vesicles is well documented in the embryonic human liver (24) .
In our CDE diet withdrawal study, we demonstrate that oval and duct-like cells differentiate into hepatocytes upon regeneration of the liver when the CDE diet was withdrawn. The number of oval cells, particularly those around the portal region, was dramatically reduced (Figure 6 ). No ductlike structures were detected at 4 days after the diet was withdrawn. The increase in the number of hepatocytes upon regeneration was accompanied by an increase in the labelling index of hepatocytes and a decrease for the oval and duct-like cells. Other workers have shown through similar studies using tritiated-thymidine that basophilic hepatocytes (morphologically similar to duct-like cells) differentiate into hepatocytes (9, 25) . Collectively, our previous results (4) and those obtained in this study are consistent with the oval and duct-like cells differentiating into hepatocytes (Figure 8) .
A change in the immunocytochemical staining characteristics of the bile ductular cells after CDE treatment was observed in this study. In the normal rat liver, these cells do not express either L-PK or a GST. After CDE treatment, there is a timedependent alteration in expression of L-PK and a GST. L-PK was first observed in bile ductular cells after 4 weeks of CDE treatment, while a GST first appeared after 6 weeks. Thus, after CDE treatment, bile ductular cells expressed fetal hepatocyte characteristics which were also observed during the sequential stages of differentiation of hepatocytes. Those that expressed only L-PK after 4-5 weeks of CDE treatment were similar to El5 hepatocytes, while those that co-expressed L-PK and a GST had the characteristics of E16-E19 hepatocytes. Other workers have reported the appearance of a-fetoprotein in bile ductular cells after non-malignant regeneration (26) (27) (28) . Glucose-6-phosphatase and UDP-glucuronosyl transferase, which are conventionally thought to be confined to the parenchyma] cells, are also present in the bile ductular cells in normal liver and after bile duct hyperplasia (29) . The present finding further supports the view that bile ductular cells originate from a stem cell population which has the inherent ability to express both hepatocytes and bile ductular characteristics. Hence, it seems likely that depending on the environment, bile duct cells can be induced to express hepatocytic characteristics. Several studies suggest that the cells making up the Hering canals, the terminal bile ductules, represent the putative stem cells in the adult liver (15,30,31)-Sell et al. (30,31) concluded that duct-like cells contain a-fetoprotein and albumin, and may arise from bile duct cells or periportal 'stem' cells or both. We have shown that oval cells differentiate into ductlike cells and our thymidine labelling studies do not support active cell division in the bile duct or hepatocytes during CDE treatment. Hence, it is more likely that oval and duct-like cells are derived from periportal 'stem' cells and/or committed epithelial progenitor cells. These periportal stem cells may resemble the hepatoblast in their ability to differentiate into cells which have both hepatocytes and bile ductular characteristics. In our study, we observed a few epithelial-shaped cells situated next to bile ducts which have the ability to utilize thymidine, which may represent the progenitors of oval and duct-like cells. Shiojiri reported that hepatoblasts at 15-18 days of development give rise to intrahepatic bile ducts, and that cells in these structures continue to express albumin, afetoprotein and other hepatocyte-specific markers as they begin to acquire phenotypic traits typical of ductal cells. These 'dual phenotype' cells are similar to cells that proliferate in preneoplastic growth in adult rat liver (20) . It is possible that there is a periportal stem cell which gives rise to oval cells which subsequently differentiate into duct-like cells ( Figure  9 ). Oval and duct-like cells differentiate into hepatocytes upon regeneration of the liver. Duct-like structures might eventually lead to either hepatoma or cholangiocarcinoma depending on the type of stimulus present. For example, exposure to a specific stimulus or carcinogen which affects the cholangioles will give rise to cholangiocarcinoma and those affecting the parenchymal hepatocytes will lead to hepatoma.
